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EXECUTIVE SUMMARY

Recent research in seismic discrimination has produced a number of discriminants based on

the feature measurements on high-frequency seismic waveforms. Many investigators claim

success in discrimination on small numbers of events or events selected from a specific region or

mine. A major challenge in developing a system for monitoring world-wide comprehensive

testban treaty is to develop discriminants which are "transportable," meaning that they can be made

to perform well in different geological and tectonic environments than in the regions where they

were developed. This final report describes the results of studies of discriminant transportability,

focusing on waveform discriminants for identifying small blasts and earthquakes.

Our studies using the Intelligent Seismic Event Identification System (ISEIS) of many

events in different regions and mines have revealed numerous instances where regional waveform

discriminants appear to fail or are problematic. Some of these cases have to do with propagation-

path effects, but others relate to the differences in physical mechanisms of single nuclear

explosions and ripplefired mine blasts and earthquakes. Ripplefired blasts often have waveform

characteristics which appear to be more similar to those of rockbursts and earthquakes rather than

single nuclear explosions.

The following are the major results and conclusions of this study:

(1) Large shear waves from mine blasts - We have frequently observed that Pn/Sn and

Pn/Lg amplitude ratios at high frequency (4-16 Hz) for mine blasts in Scandinavia and Russia have

large variation, with many blasts having large shear waves comparable to earthquakes. Most

notable are the blasts in the Kiruna mine in Sweden recorded at the ARCESS and FINESA arrays,

where most of the events have small Pn/Lg ratios at frequencies out to 16 Hz comparable to nearby

earthquakes. However, mine blasts with small ratios have also been observed in the Kola

Peninsula mines. Evidently, mine blasts can induce large shear waves due to rock fracture and/or
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spalling of rock fragments at the bench face. Perhaps mine blasts should be classified as another

kind of rockburst if they induce significant shear. Nuclear explosions do not appear to induce

large shear waves and thus, the discriminant may be safe for identifying single nuclear blasts.

(2) P/S frequency dependence - Recent investigators have suggested that the frequency

dependence of the regional P/S ratio may be a discriminant, with explosions having increasing P/S

ratio with frequency but earthquakes having very little dependence on frequency. This may be due

to strong Rg-to-shear scattering from shallow explosions at low frequency. However, a number

of examples can be found where this lack of frequency dependence does not hold for earthquakes.

For example, the Steigen earthquake swarm in Norway has increasing Pn/ILg ratios with

frequency, like mine blasts, although the Pn/Lg ratios are usually lower for the earthquakes. Also,

unusual frequency dependencies have been observed where the ratio does not change consistently

with frequency. For example, the recent Ural event of January 5, 1995 had low Pn/Lg ratios at

low and high frequency, like earthquakes, and high ratios in the 2-5 Hz band, like explosions. We

have also studied the frequency dependence of PnLg amplitude ratios for Russian and Chinese

nuclear blasts and earthquakes recorded at the Chinese station WMQ. The events have the

expected frequency dependence after correction for distance, i.e., the nuclear explosions have

increasing ratios with frequency whereas the earthquakes have very little frequency dependence.

(3) Ripplefire induced spectral scalloping - The time-independent spectral scalloping

observed in many mine blasts results from the superposition of multiple source-time functions

which are correlated. However, time-independent scalloping is not always observed in ripplefired

blasts. Source finiteness may cause this lack of spectral scalloping due to decorrelation of the

source-time functions, perhaps due to spatially distributed source or differences in the time-source

functions of the individual blasts.

(4) Lg spectral ratios - The Lg spectral ratio discriminant has worked for discriminating blasts

and earthquakes in western U.S. However, this discriminant often fails to discriminate blasts and

earthquakes in Scandinavia. This discriminant appears to work when the blasts occur in shallow
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rocks which couple poorly at high frequency, such as the NTS high gas porosity rocks, and the

earthquakes occur at greater depths. In regions where the surface geology and deeper crustal rocks

are more homogeneous, such as in the Scandinavian shield regions, there appears to be little

spectral difference between explosions and shallow earthquakes. We have also implemented a

distance correction scheme which accounts for affects of anelastic attenuation on the Lg spectral

ratio and have found that this correction reduces much of the observed distance-dependent scatter

in the Lg spectral ratios recorded at GERESS for earthquakes, mineblasts, and rockbursts.

These examples serve as caveats for using a straight statistical approach to discrimination

which relies on the same unified discriminants to identify all events. Any discrimination approach

needs to consider regional variations in the performance of discriminants when making event

identifications.
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1.0 INTRODUCTION

Past studies of regional seismic discriminants have revealed that certain simple seismic

measurements can be used as discriminants between classes of known earthquakes and explosions,

including conventional economic explosions (mine blasts) and nuclear explosion tests. These

include frequency dependent ratios of amplitudes of different phases, in particular, regional P/S

(e.g., Bennett et al, 1989; Baumgardt and Young, 1990; Kim et al, 1993), spectral ratios on

individual regional seismic phases (Murphy and Bennett, 1982; Bennett and Murphy, 1986; Taylor

et al, 1988; Taylor et al, 1989; Walter et al, 1994), and the detection of ripplefire by the

identification of spectral scalloping (Baumgardt and Ziegler, 1988; Hedlin et al, 1989; Hedlin et al,

1990; Kim et al, 1994). Our development of the research discrimination system Intelligent Seismic

Event Identification System (ISEIS) (Baumgardt et al, 1991) has implemented these discriminants

and tested them on many mine blasts and earthquakes in Scandinavia, recorded at the regional

arrays NORESS, ARCESS, FINESA, and GERESS (Baumgardt et al, 1991; Baumgardt et al,

1992), and single-station recordings of earthquakes and nuclear blasts in China and Russia

(Baumgardt and Der, 1994). These studies have all generally produced positive results for the

discriminants. However, we have observed regional variations in the performance of the

discriminants. In some instances, they fail and causes of the failures need to be understood for the

discriminants to be effective in any future comprehensive test ban treaty monitoring system.

The project described in this final report has addressed issues related to "discriminant

transportability," that is, the problem of using discrimninants developed with training events in a

"known" region, consisting of both earthquakes and explosions, to a new "unknown" region

where many such training events of known earthquakes and explosions may be available. These

issues arise in the context of monitoring compliance with a comprehensive test ban treaty, which

may involve many countries in the world and where there will be limited historical data for certain

rare seismic source types, such as nuclear explosions. In monitoring a non-proliferation treaty, the
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"first test" scenario must be considered, where a possible nuclear weapons test must be detected

and identified in a country which has never tested before. This country may be located far from

countries which have historically tested nuclear explosions, and regions which differ in terms of

the tectonic source mechanisms of the earthquakes, and geological effects, both in the potential

source regions as well as along propagation paths from the sources to monitoring stations. We

must be sure that discriminants found for training events in the known regions can be "transported"

to the new, unknown regions accounting for differences in geology and propagation path effects

on the discriminants. Our earlier report, completed during this project (Baumgardt and Der, 1994)

addressed the transportability of the Pn/Lg amplitude discriminant and investigated methods for

correcting the discriminant for distance and for calibrating it to different tectonic regions, using

geological and crustal structure information.

Another issue in discriminant transportability relates to the reliability in the performance of

discriminants. Can the waveform discriminants, such as the P/S amplitude ratio, the frequency

dependence of the P/S amplitude ratio, Lg spectral ratio, and the spectral scalloping ripplefire

discriminant, produce false identifications, based on training sets of events in known regions, and

can the causes of these false identifications be understood and accounted for in event identification?

This report documents some examples of instances from these studies where regional discriminants

seem to fail, or appear to provide problematic discriminatory capability.

In Section 2.0, we describe an interesting set of known mine blasts at the Kiruna mine in

Sweden which have high-frequency P/S ratios which look like nearby earthquakes. Other

examples of mine blasts with earthquake-like have been found in our earlier research (e.g.,

Baumgardt, 1993 a, b) but never quite so concentrated set in one mine. We suggest that

mineblasts may be just another kind of rockburst, which may be more earthquake-like rather than

explosion-like in terms of the amount of shear-wave energy they produce.

In Section 3.0, we present results of a study of a new discriminant developed with western

U.S. earthquakes and NTS nuclear explosions. This discriminant, which has been a recent focus
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of attention to investigators at Lawrence Livermore Laboratories (e.g., Walter et al, 1994), relies

on the frequency dependence of the Pn/Lg ratio. Differences in frequency dependence of Pn/Lg

ratio have been observed for earthquakes and nuclear explosions in the western U.S. Other studies

(e.g., Bennett et al, 1989; Baumgardt and Young, 1990; Kim et al, 1993) have hinted at the same

discriminant since they show better discrimination between blasts and earthquakes using high-

frequency P/S ratio than low-frequency measurements. We suggest that this discriminant behaves

quite differently for mine blasts than for nuclear blasts. We also show how this discriminant is

complicated by frequency-dependent propagation path effects, and study further the performance

of the distance correction schemes introduced by Baumgardt and Der (1994) as they relate to the

frequency dependence of the Pn/Lg ratio for mine blasts, nuclear explosions, and earthquakes.

Section 4.0 discusses the performance of the spectral scalloping ripplefire discriminant

which has been an area active of observational and theoretical research since it was first suggested

as a regional discriminant by Baumgardt and Ziegler (1988). We point out the importance of an

apparently overlooked factor, signal decorrelation, on the character of spectral scalloping.

Ripplefire signal correlation, not source finiteness, is the cause of ripplefire-produced spectral

scalloping. If the signals of the ripplefire pattern can be decorrelated, the spectral scalloping will

not be observed. Furthermore, the observed degree of decorrelation which can be discerned from

the character of the spectral scalloping may be useful in characterizing the ripplefiring itself.

Section 5.0 addresses again the Lg spectral ratio discriminant for mine blasts, nuclear

explosions and earthquakes. In this and earlier studies (e.g., Baumgardt, 1993b) we have found

this discriminant to be marginal for discriminating mine blasts and earthquakes, although it does

appear to work in certain regions. We discuss possible reasons for this variability of performance

of the discriminant and present a method for correcting the discriminant for distance using an

anelastic attenuation model.

Section 6.0 summarizes the results of this project and the overall conclusions.
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2.0 The Kiruna Mine Blasts of Northern Sweden: Case Study of the
Failure of the P/S Ratio Discriminant

2.1 Background

The regional P/S ratio discriminant has long been investigated as a possible discriminant

between explosions and earthquakes, because intuitively, earthquakes being shear, dislocation type

sources should produce more shear-wave energy than explosions (Pomeroy et al, 1982). Thus,

P/S ratios should be lower for earthquakes than for explosions. Early studies in the 1970's and

early 1980's demonstrated the potential of the discriminant (e.g., Blandford et al, 1981) for

separating explosions and earthquakes. Bennett et al (1989) demonstrated improved separation of

nuclear explosions and earthquakes on the basis of high frequency S/P ratios. Baumgardt and

Young (1990) studied mine blasts and earthquakes which were in the same region in Scandinavia

and showed that mine blasts have significantly higher Pn/Lg ratios at high frequency than

earthquakes. This research led to the implementation of this discriminant in the Intelligent Seismic

Event Identification System, or ISEIS (Baumgardt et al, 1991), and the discriminant has proven to

be effective in a number of regions of Scandinavia and Europe monitored by the NORESS-type

arrays (Baumgardt, 1993). Kim et al (1993) demonstrated the success of this discriminant at high

frequencies for discriminating quarry blasts and earthquakes in eastern U.S.

It has commonly been assumed that this discriminant will usually separate mine blasts and

earthquakes at high frequency. When the ratio is taken as P to S, the blasts should have larger

ratios than earthquakes since they should underexcite shear waves. Recently, this discriminant has

rarely been shown to fail, although earlier work of Nuttli (1981) indicated it was a problematic

discriminant in Iran. Recently, Lynnes and Baumstark (1991) studied this discriminant for many

events in eastern and western U.S. and argued that its performance can be vitiated by propagation

path effects.
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The purpose of this study is to show examples of the failure of high-frequency P/S ratios to

discriminate small blasts in the Kiruna mine in northern Sweden from nearby earthquakes. These

events can be identified by other means. However, we present these results as a caveat against

over relying on this discrirninant. We have studied 45 events, mostly recorded at the ARCESS

array and some at the FINESA array, shown plotted on the map in Figure 1. These events

occurred near the Steigen earthquake swarm in Norway (Atakan, 1992) as well as other presumed

earthquakes and mine blasts in the area. The location clustering of these events was discussed by

Rivi~re-Barbier (1993). Figure 1 shows the locations of these blasts along with locations of other

nearby earthquakes and explosions. In Rivi~re-Barbier's report, the IMS locations of these events

were assigned to her designated Area 24 between 67.5-680 N latitude and 18-220 E longitude.

Most of the IMS local magnitudes were between 1.5 and 2.0. These magnitudes are well below

the level of 2.5 generally thought to be the lower limit of concern for a 5 kt decoupled nuclear

explosion. However, monitoring "mini-nuclear explosions" may require consideration of events

this small. Rivi~re-Barbier (1993) indicated the consistency of origin times for these events of

22:35 in the summer months and 23:35 in the winter months which were consistent with the

known blasting practice at the Kiruna mine. Based on consistency of origin time and location,

these events were most likely mine blasts. Waveform discriminants extracted for the ARCESS and

NORESS data should confirm that these events are mine blasts.

2.2 Failure of the P/S Ratio Discriminant

These events have been processed by ISEIS using the incoherent beam method of

computing log RMS amplitudes in 9 frequency bands and measuring P and S amplitudes in each of

the frequency bands. Examples of the incoherent beams for one of the blasts are shown on logged

and unlogged plots in Figures 2 (a) and (b), respectively. The traces have all been shifted for

display purposes. Phase identifications from the IMS are shown in Figure 2. The maximum RMS

amplitude was measured on the first regional P phase, usually Pn, and the largest regional S,
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identified as Lg. The amplitude ratios, PniLg, have been computed for all the events in the 9

consistent frequency bands and stored in the Oracle database.

Figure 3 shows the Pn/Lg ratios in the 8 to 16 Hz filter plotted as a function of distance for

the events recorded at ARCESS (Figure 3a) and FINESA (Figure 3b). The Pn/Lg ratios for

Kiruna events are plotted as triangles, and the other nearby mine blasts are plotted as circles and the

earthquakes are plotted as squares. Each of the groups of event type are labeled in Figure 3. The

epicentral distances of the Kiruna blasts from ARCESS are around 280 km as compared to about

740 km from FINESA. Because of the much greater distance of the blasts from FINESA, only

measurements for the larger events could be made for that array.

The Pn/Lg ratios of the Kiruna mine blasts as a group overlap the earthquake group in the 8

to 16 Hz band and are well below those observed for other mine blasts in the region. This

observation holds for measurements at both the ARCESS and FINESA arrays. As shown in

Figure 3(a), most other mine blasts in the region have higher Pn/Lg ratios than these events, with

log ratios at ARCESS between -0.2 and 0.3, and most earthquakes, which typically have low

Pn/Lg ratios, with ratios below -0.2. The Kiruna blasts as a group have ratios between - 0.3 and -

0.8, well below the values of nearby blasts and overlapping the values of the Steigen earthquakes.

Propagation path differences cannot explain this overlap since all the events are in the same region

and the propagation paths are all nearly identical. We have also plotted a "Scandinavian distance

correction line," empirically derived using events recorded at the Scandinavian arrays, to correct

the Pn/Lg ratio for distance in the Scandinavian shield (Baumgardt and Der, 1994). Even though

the Kiruna blasts are closer to the arrays than the earthquakes, the distance correction between the

Kiruna and Steigen events would be insignificant.

8



In
U4,

0-~0

0'- &Lr) rCS

L- C c'-~ - L

-< I .w e

-- nc ~ c z

CD.. .0;.

00

Sc 0
N

a, 0>J Y : 0

UL 4S
'.~ CC- zcI L E)

8'0 9* *O ZO 0* - - z

Iný r c ie
U cz

L'OCN 0- 00 'l

_ 0

r 0 CS, E

(no 4

00
0)01"

El -% :3- -

-CE 0)Wx 2

(flD~
0)  

0

N c CD
C, (

m 0088+ c
'EQ El- £0) U~

>1U 2 =

cr > W E Lr;9



We observe this overlap in all frequency bands, as shown in Figures 4 and 5 for ARCESS

and FINESA, respectively. These plots show the same scatterplot of Pn/Lg ratio versus distance

in four frequency bands, 2-4 Hz, 3-5 Hz, 5-7 Hz, and 8-10 Hz. As frequency band increases, the

non-Kiruna explosion and earthquake classes separate. However, the Kiruna mine blast points

seem to decrease with increasing frequency, as do the earthquakes. There is some overlap between

the Kiruna blasts and the explosion group, but the bulk of the events fall below the explosion

group. Many of the Kiruna mine blasts have ratios which are below the earthquakes.

These results show that for some reason the Kiruna mine blasts excite strong shear waves

relative to compressional waves and have Pn/Lg ratios which more closely resemble earthquakes

than explosions. Yet, we know that the events are mine blasts. Clearly, the Pn/Lg ratio feature

alone would fail to identify these events. This raises the question of why the discriminant fails so

clearly to identify these events and if there are any other means of identifying the events besides

location and the consistency of origin times.

2.3 Ripplefire and Coda Discriminants

One of the surest ways to identify mine blasts is with the "ripplefire" discriminant, where

mine blast ripplefiring can be identified on the basis of observation of time-independent spectral

modulations (Baumgardt and Ziegler, 1988; Hedlin et al, 1989; 1990). Our study of these events

using the ISEIS-based Multiple Event Recognition System (MERSY) has identified many of the

events as mine blasts. Figure 6 shows an example of a sonogram for one of the blasts. Clearly,

this event has time independent spectral scalloping beginning at the Pn onset and extending well

into the coda.

Figure 7 shows the MERSY output for the event. MERSY computes cepstra for these

spectra, as described by Baumgardt and Ziegler (1988), and then automatically identifies the

locations of the peaks which are consistent for all the phases. Figure 7 shows the MERSY cepstral

10
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plots for the spectra and the peaks which were identified by the system. Of the 45 events analyzed,

30 events had time independent spectral scalloping and were identified by MERSY as mine blasts.

We have also considered another potential discriminant for these events based on

observations of coda shape. Recently, Blandford (1993) has suggested that the complexity

discriminant, which was originally developed for teleseismic data, would discriminate regionally

recorded earthquakes and explosions. The idea of the coda complexity discriminant is that

earthquakes might be expected to produce emergent Pn waves and stronger codas than explosions.

Earthquake sources may produce stronger shear waves and Rg waves than explosion sources,

which in turn may excite stronger coda waves by mode conversion of the shear and Rg waves

from lateral heterogeneities.

In our analyses of mine blasts, earthquakes, and nuclear explosions in different regions,

we have noted a difference in coda shape between blasts and earthquakes. Examples of coda

shapes in ISEIS incoherent beams (log rms) for a southern Norway mine blast and earthquake

recorded at the NORESS array and a Tien-Shan earthquake and a Lop Nor nuclear explosion,

recorded at the CDSN station WMQ, are shown in Figure 8. These plots reveal that explosions

have different coda shapes than earthquakes. Explosions have a highly peaked P signal and then a

curved coda which often decays to a low value before the onset of the S wave. It is interesting that

both the mine blast in Norway and nuclear explosion in China exhibit this same distinctive coda

shape. Earthquakes, on the other hand, appear to have relatively flat codas.

Figure 9 shows examples of ARCESS incoherent-beam codas from four Kiruna mine

blasts. Each of the incoherent beams have the phase identifications labeled. Note that in all cases,

the Lg waves have larger RMS amplitudes than the Pn waves at high frequency as we expect for

earthquakes. However, we believe by visual inspection that their coda shapes are more typical of

the blast codas for mine blasts recorded at NORESS and shown in Figures 8 (a) and 8 (c).

15



-0 0D 00 0 0> 0D n 0 Io 0 000 0 0 LO 0 In)
*b . 0 0D

CD ,.o Ln4 r N - L

0I In C

co co %D un 0 -0 co c %DI n LOvr 0 CN

0C 
0

EN-. -LO

r44

0 In

-CD-

04 ci0

CC

0 D 0 0 0 COýn In InCýCD
V) IT Cý 0

4* 0 ) C
>I C.) N c c CD i ID IO I LO

-4 M r %0 W ZV- 1 -4

1--4

Cý0 mwLO Cl 04Z

a -0 Z

0 co

C,
-Inm

_CD E a

-~~~ ----- ---40
... .... I - z

0 0 0 0ý 0 0 0D

In co .n c
ID~C 14 ID1 .4 -I

16



0 C 00 00UýC!
%0 0 ot % O q

0~~ 0o 0 CD a ..
0 00 000 0f rU- , -

00 kDN n v 1 D 0
00

0 0

0 Z 0

.C4 -4O

tp ............ ... ...... C 0D

-0
LO

N r- Cý 0 l t

00

0 00

oa 00 0 C , LO CL -11 C c 0 r...0L J % 0 U) ý4 Iv

CLl o~ co W r.k n N' '( I I I I I Iio

I0 0f C000 0 . .m o

.0. 00

0~~~~~~ 0 n.0 -n4

0 Ut Co

-CD'U -L -

Opf~14I 4.~n 1:1..
epn1-dm 1~ b' 0 =

17H



Although the Pn waves have low amplitudes relative to Lg, in all cases they appear impulsive and

the coda dips prior to the Lg onset, as shown by the arrows in Figure 9.

Figure 10 shows examples of coda shapes for earthquakes in northern Sweden. As

indicated by the arrows, these codas are quite different in that they do not exhibit the "coda dip" in

the high frequency band. Rather, their codas appear to be more flat or upramping than mine blasts.

These codas may be the characteristic of earthquakes caused by mode conversion of stronger shear

waves and Rg waves. Also, the earthquakes often have more distinctive Pg phases than the blasts.

These events have similar values of Pn/Lg ratios as the Kiruna blasts, but their coda shapes are not

blast like.

We have made a subjective estimate of the coda shape for the Kiruna events. We identified

the event as "blast like" if the characteristic coda dip of the blast could be observed visually on the

8-16 Hz incoherent beam. The discriminant appears to work best on the high-frequency incoherent

beam. This coda shape characteristic can be observed in about 31 of the 45 Kiruna blasts studied.

Many of the events which could not be identified on the basis of coda shape were very small or

their codas were contaminated by signals from other events which occurred nearby and close in

time to the Kiruna events. However, we were able to identify the blast-like character of the codas

for a number of Kiruna events which did not have apparent ripplefire scalloping.

2.4 Conclusions

This study has shown that the high-frequency Pn/Lg ratio discriminant fails to identify

presumed blasts in the Kiruna mine as being blast like. In the absence of other information, the

Kiruna events recorded at both the ARCESS and FINESA arrays would have been identified as

earthquakes with relatively high confidence based on these events having small ratios caused by

large Lg waves relative to the Pn waves. However, combining the ripplefire and coda shape

discriminants would confirm the identity of most of the events as mine blasts.
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Why these particular events look like earthquakes on the basis of the Pn/Lg ratio is not well

known. It obviously cannot be due to propagation path effects because mine blasts in other mines

and nearby earthquakes can be discriminated. We speculate that blasting practice in the Kiruna

mine may be responsible. Recent modeling studies (Barker et al, 1993; McLaughlin et al, 1994)

have suggested a P wave defocusing mechanism caused by the bench face of the mine. These

events may have reduced Pn amplitude caused by defocusing although in most cases, the Pn waves

are still very impulse-like on the incoherent beams. Another possible explanation is that the Kiruna

blasts may have been designed to produce stronger spall than other mine blasts in the region. The

spall source mechanism may have had a radiation pattern that produced more enhanced shear

waves at the ARCESS and FINESA arrays producing more earthquake-like Pn/Lg ratios.

Furthermore, ripplefired blasts are intended to cause fracturing and rubblizing of the rock at

the bench face. Since rocks are being cracked and fractured, this process itself may induce large

shear waves, in the same way in which mechanisms of tectonic release and induced block motions

produce strong shear waves and surface waves in certain nuclear explosions.

This study has shown the importance of using a combination of techniques to identify small

events. Although the amplitude ratio discriminant has proven to be very successful in certain

regions, it can fail, as we have shown above. Perhaps we should expect small blasts to fail to

discriminate since they may occur closer to the bench face of the mine and the P waves may be

defocused. Clearly, the discriminant cannot be considered one hundred-percent foolproof for

identifying all mine blasts of small magnitude.
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3.0 FREQUENCY DEPENDENCE OF THE PnILg RATIO

In this section, we discuss a new discriminant proposed by Walter et al (1994) based on the

frequency dependence of the Pn/Lg ratio. As in the previous section, we consider whether this

discriminant can be expected to work as well for small economic blasts and earthquakes as it did

for larger nuclear blasts and earthquakes. We also consider how this discriminant is affected by

differences in distances of blasts and earthquakes. To correct such effects, we investigate again the

distance correction schemes developed by Baumgardt and Der (1994). We also present results

from a study of the January 5, 1995 Southern Urals mine event, described in more detail in a

topical report by Baumgardt (1995b) which presents an interesting example of unusual frequency

dependence of the PniLg amplitude ratio discriminant.

3.1 The Lg Transfer Function

Many investigations (e.g., Bennett et al, 1989; Baumgardt and Young, 1990; Kim et al,

1993) of the regional P/S ratio discriminant have argued that the discriminant performs best at high

frequency. Recently, a discriminant between nuclear explosions and earthquakes using the

frequency dependence of the Pn/Lg ratio has been proposed by Walter et al (1994), based on an

argument that the Lg/Pn ratios can be thought of as "transfer functions" for explosions. This idea

is illustrated schematically in Figure 11.

In essence, explosions are assumed to be pure compressional sources whereas earthquakes

may intrinsically produce broadband shear waves. Thus, explosions should produce no intrinsic

Lg waves whereas earthquakes may intrinsically produce broadband shear waves. This being so,

the Lg/Pn ratio for explosions is a kind of "transfer function" since most of the Lg waves must

have been derived by mode conversion of other waves produced by the explosion source to shear

waves, which in turn become Lg waves.
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One possible source of Lg waves from explosions, which has been advocated by Gupta et

al (1991), is mode conversion from Rg. Since nuclear explosions are shallow, they may excite

stronger Rg waves than earthquakes and these waves would forward scatter into shear waves from

lateral heterogeneities in the crust or from topography. Although the Rg waves may be strongly

attenuated by this process and may not be observed, the scattered shear waves may further interfere

to become Lg waves. This conversion process is strongest in the 0.5 to 2 Hz spectral band, thus

the resultant Lg waves from nuclear explosions will be strong in this band and PniLg ratios will be

comparable to earthquakes. Thus, we would expect that the Pn/Lg ratio should strongly increase

with frequency for explosions, since the Lg waves would be primarily produced at low frequency,

but the ratio would be frequency independent for earthquakes because earthquakes are intrinsic

broadband Lg sources.

Walter et al (1994) showed that this frequency dependence discriminant worked for NTS

nuclear explosions, the Non Proliferation Experiment (NPE) event, and nearby earthquakes.

Some of our recent studies of ISEIS measurements have also suggested that such a discrimination

result holds for mine blasts and earthquakes. Examples have been observed for the Vogtland mine

blasts and earthquakes in Germany (Baumgardt, 1993a), and for mine blasts on the Kola Peninsula

and Novaya Zemlya nuclear explosions (Baumgardt, 1993b). In these cases, we have observed

Pn/Sn and Pn/Lg ratios to increase with frequency, whereas for earthquakes, the ratios are

comparatively unchanging with distance. In this section, we show some examples of where this

discriminant has not performed in this way.

3.2 Frequency Dependence of PnILg Ratio for the Kiruna Mine Blasts

In the last section, we suggested that mine blasts themselves may in fact be intrinsic

sources of shear waves produced by cracking or by rock spallation. This may explain the low

values of the ratios at high frequency, which we observed for the Kiruna mine blasts. We now

investigate how these ratios depend on frequency.
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Frequency dependent plots of the Pn/Lg ratio recorded at ARCESS and FINESA for the

events studied in the last section are shown in Figures 12 (a) and (b). The circles show average

ratios measured for known Swedish mine blasts (not in the Kiruna mine), the squares are for the

Steigen earthquakes, and the triangles are the values for the Kiruna blasts. The symbols are plotted

at the mean values of the ratios in each band and the error bars indicate twice the standard deviation

(i.e., 2y) for the events in the three groups.

In the case of the ARCESS array, shown in Figure 12 (a), we observe very little frequency

dependence for the Pn/Lg ratio for the Kiruna blasts, a behavior expected for the Lg transfer

functions of earthquakes. However, both the non-Kiruna mine blasts and Steigen earthquakes

exhibit a strong frequency dependence, with the ratios increasing with frequency. This behavior

suggests that both earthquake and non-Kiruna mine blasts are stronger sources of Lg at low

frequency than at high frequency. In the case of the FINESA recordings, all three groups have

similar frequency dependence, which tends to increase sharply with frequency. Why the Kiruna

blasts are different for FINESA and ARCESS is not clear. It is notable that the Kiruna log ratios

are less than 0 (i.e., Lg is bigger than Pn) at ARCESS all across the band whereas at FINESA,

they increase gradually to 0 in the 8 to 10 and 8 to 16 Hz. Perhaps this results from greater

attenuation of Lg at FINESA compared with ARCESS because the former is at a greater distance

from the mine.

Thus, we conclude from this study that the Kiruna mine blasts, recorded at high signal-to-

noise ratio at ARCESS, have Pn/Lg amplitude ratios with much less frequency dependence than

other mine blasts. This is consistent with our conclusion in the last section that the Kiruna blasts

may be intrinsic sources of shear waves. We've also observed that the Steigen swarm itself has a

strong frequency dependence in the Pn/Lg ratio. This must be related to the source mechanism of

the Steigen earthquakes, which may have underexcited Lg waves at high frequency. The

distinction between small, intraplate earthquakes and ripplefired mineblasts may not be as great in

terms for PnJLg frequency dependence as that between earthquakes and nuclear explosions.
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3.3 Frequency Dependence of Pn/Lg for the January 5, 1995 Southern Urals

Event

On January 5, 1995, an event occurred in Russia near the southern Urals which raised

much interest because of its location in a region where there had been Soviet detonations of PNEs

(Baumgardt, 1995a). Figure 13 shows the location of the event, nearby historical PNEs, and the

IDC alpha stations which recorded the event. Baumgardt (1995a) studied this event in much detail

and compared it with other nearby PNEs and concluded that the event was a rockburst perhaps

accompanied by a mine collapse.

One result of this study, which relates to the discussion in this section, was that the

recording of this event at the nearest station, Arti (ARU), had unusual frequency characteristics and

the Pn/Lg ratios had unusual frequency dependence. This is evident in Figure 14, which shows

the ARU vertical component seismogram passed through 5 filters. The phase picks, made on the

top broadband trace, are indicated on each of the bandpass filtered traces by the vertical lines. The

interesting feature is that the P waves are large in the mid bands (2 to 6 Hz) but appear diminished

in the high and low frequencies. The reverse appears to hold for the shear waves, which are large

at low frequency (up to 2.5 Hz) and high frequency (8-10 Hz) but smaller in the frequency bands

in between.

Because of the lack of reference events in the region recorded at ARU (no PNEs have been

recorded at ARU), Baumgardt (1995a) compared the event with earthquakes and explosions in

China and Russia recorded at the station Urumchi (WMQ) in China, originally studied by

Baumgardt and Der (1994) and shown on the map in Figure 15. The justification for this

comparison, even though the Ural and Chinese events occurred in different regions and were

recorded at different stations, is that the distances and propagation paths in the ARU and WMQ

regions are similar. Also, because we are comparing ratios between phases in the same frequency

band, the difference in the ARU and WMQ instrument response is not a factor. However, we may
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expect greater attenuation in the crust of China than in the more shield-like Russian Platform,

which may result in large Pn/Lg ratios in China than in Russia at the same distances.

We consider two different distance corrections for Pn/Lg ratios, studied by Baumgardt and

Der (1994); one derived from a detection study of regional phases by Sereno (1990) and the

second inferred by Baumgardt and Der (1994) directly from measurements of Pn/Sn and Pn/Lg

amplitude ratios from seismic events in Scandinavia and Europe. Both these curves may be

considered to be shield type curves, although as was pointed out by Baumgardt and Der (1994),

they have very different distance dependence.

Figure 16 shows a distance plot of the measured Pn/Lg ratios in the 6 to 8 Hz band from

the Ural event at ARU and the WMQ recordings of Chinese earthquakes and nuclear explosions

recorded at the WMQ station. In Figure 16 (a), the distance-dependence of the Baumgardt and Der

(1994) correction is superimposed. Figure 16 (b) shows the result of applying the distance

corrections. Figure 17 shows the same thing but with the Sereno (1990) correction. Comparison

of these two curves shows that the Sereno curve has a much stronger distance dependence in the 6

to 8 Hz band than the Baumgardt and Der curve which in turn has a much stronger effect when the

correction is applied. The Sereno correction pulls the Kazakh nuclear explosions down closer to

the Urals point. Also, the Sereno correction moves the Lop Nor point to a much higher value than

the Kazakh explosions. The Baumgardt and Der curve is less severe and after correction, the Urals

event still falls below the nuclear explosions and appears to be more comparable to the

earthquakes. Moreover, the corrected Lop Nor nuclear explosion point has a value closer to those

of the Kazakh nuclear explosions. Thus, in this single 6-8 Hz band, the Baumgardt and Der

corrections would classify the event as earthquake-like whereas the Sereno corrections would

classify the event as an explosion.
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We now consider the frequency dependencies for these points and the two correction

method. Figure 18 shows the frequency dependence of the Pn/Lg ratios for these events, corrected

by the Baumgardt and Der distance correction curves, and Figure 19 shows the same corrections

using the Sereno corrections. All the points are shown in Figures 18 (a) and 19 (a) and the mean

values and 2 a standard deviations are shown in Figures 18 (b) and 19 (b). The frequency

dependence can be better observed in the plots of the mean values. Both sets of plots show that the

earthquake points have very weak frequency dependence. For the nuclear explosions, the ratios in

Figure 18 increase with frequency 6 to 8 Hz band where the ratios hit the "noise ceiling" which is

the frequency where the Lg disappears below the noise level. Baumgardt and Der (1994) pointed

out that the Lg is not observed from the nuclear explosions at frequencies above 6 Hz. (The

Russian nuclear explosions at Kazakh were over 900 km away from WMQ, whereas the Lop Nor

nuclear explosion and the Chinese earthquakes were much closer. Therefore, the Pn/Lg amplitude-

ratio noise ceiling for the Russian explosions results from the attenuation of the Lg wave energy

below noise at frequencies above 6 Hz.) Thus, the Pn/Lg ratios above the 6 to 8 Hz band for the

Russian nuclear explosions are actually Pn-to-noise ratios.

The frequency dependence of the Ural event, plotted as asterisks in these two plots, differs

greatly after these two corrections. However, its unusual frequency dependence is quite evident.

Using the Baumgardt and Der correction in Figure 18 (b), the Ural event appears to fall closer to

the earthquake group, as we observed in the filtered plots in Figure 14. The Sereno distance

correction in Figure 19 tends to move the Urals points up closer to the nuclear explosion curve.

Also, the Sereno distance correction seems to make the nuclear explosion frequency dependence

look more like the earthquake frequency dependence, whereas in reality, we know that the trend is

very different for the nuclear explosions; i.e., we know that Lg amplitude does not increase above

the 3 to 5 Hz band.
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Based on this analysis, we conclude that the Ural event frequency dependence resembles

earthquakes in that it appears to be an intrinsic source of shear waves at high frequency. However,

the frequency dependence is still unusual, and Baumgardt (1995a) has questioned whether the

high-frequency Lg energy comes from the same source as the low-frequency energy. Using the

Baumgardt and Der corrections, our observations of frequency dependence in the Pn/Lg ratio agree

with the ideas of Walter et al (1994). However, the Sereno corrections seem to be rather extreme

and do not produce the expected behavior in the frequency dependence of nuclear blasts. Although

we favor the Baumgardt and Der curves, more analysis of the Pn/Lg change with distance needs to

be done for events in this region. Neither of these shield curves may be appropriate for the

tectonically active mobile belts of China.

3.4 Conclusion

Our analyses of frequency dependence of Pn/Lg ratios in ISEIS for these selected cases

indicates that the Lg transfer function concept of Walter et al (1994) depends critically on the nature

of the source mechanism of explosions and earthquakes. Nuclear explosion source mechanisms

are probably more purely compressional than mine blasts, which may be intrinsic sources of shear

waves. We observe the expected difference in frequency dependence between nuclear explosions

and earthquakes in China. However, we have observed very different kinds of frequency

dependence for events associated with mines. As we argued in Section 2.0, ripplefired mine blasts

are designed to fracture rocks and induce spallation near the mine bench face. Thus, we may

expect shear waves to be produced intrinsically by mine blasts. Thus, the discriminant should

work to identify nuclear explosions and single explosions in mine. However, ripplefired mine

blasts may often be identified as earthquakes.
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4.0 THE RIPPLEFIRE DISCRIMINANT

4.1 Time Independent Spectral Scalloping

The discrimination of mine explosions and earthquakes relies critically on the observation

of time-independent spectral scalloping caused by ripplef'ning (Baumgardt and Ziegler, 1988;

Hedlin et al, 1989, 1990). Currently, this appears to be the only method, other than precise

locations of events to known mines, to identify mine blasts. The Multiple Event Recognition

System (MERSY) applies the method of Baumgardt and Ziegler (1988) to automatically identify

time-independent spectral scalloping by finding time-independent cepstral peaks in cepstra of

individual phases derived from the spectra of the phases (Baumgardt et al, 1991). Experience with

processing numerous events over a number of years has demonstrated that MERSY can usually

detect any spectral modulations which can be seen visually in spectra. However, there are

instances of known mine blasts which have not produced strong spectral scalloping and for which

this discriminant fails to work.

Figure 7 in Section 2.0 shows an example of a MERSY analysis of one of the Kiruna mine

blasts. On the left is shown spectra computed for the three phases associated with the event, Pn,

Pg, and Lg. These three spectra show scalloping which indicates that the events were probably

ripplefired. On the left are plotted the cosine cepstra for the events computed by Fourier

transformation of the spectra. The spectral modulations produce cepstral peaks which can be easily

identified. MERSY picks "consistent" cepstral peaks, i.e., peaks which show up in all phases but

which do not show up in the noise, at quefrencies above 0.5 seconds, the lowest quefrency

resolvable at a sampling rate of 40 Hz. When such peaks appear, they probably indicate ripplefired

mine blasts or bubble pulses produced by underwater explosions (e.g., see Baumgardt, 1995b)

because such features have never been reported for small earthquakes.
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4.2 Why the Ripplefire Discriminant Fails

However, spectral modulations often do not appear in known chemical blasts, examples of

which were documented by Kim et al (1994). They suggest that these blasts were either single

shots with no delays or had delays too short to be resolved with the sampling rate of the digital

data. They further argue that a fundamental delay less then 4 times the sampling interval of the data

cannot be resolved by spectral analysis as time-independent spectral scalloping.

Figure 20 compares two sets of spectra for a mine blast in southern Norway recorded at

NORESS (left) and one on the Kola Peninsula recorded at ARCESS (right). The NORESS spectra

on the left exhibit strong modulations whereas the Kola spectra on the right exhibit very weak or

non-existent modulations. A vertical line indicates a possible first null at about 3 Hz in both cases.

This may be an indication of a fundamental delay in excess of 0.2 seconds, which is well in excess

of 4 times the sampling interval of the recordings systems at NORESS and ARCESS, which are

0.025 seconds. However, the Kola event produced no noticeable spectral scalloping.

In this section, we suggest that another factor, signal decorrelation, can also cause spectral

modulations not to be observed even for ripplefires with large enough delay times to be observed

within the bandwidth provided by the sampling rate of the digital data. To understand how this

happens, the cause of spectral scalloping in ripplefired chemical explosions must be understood.

4.2.1 The Origin of Spectral Scalloping in Ripplefired Blasts

A misconception has arisen, primarily in the conclusions of some recent ripplefire modeling

studies (e.g., Barker et al, 1993; McLaughlin et al, 1994), that "Quarry blast spectral scallops are

primarily due to the finite size and duration of the source and are insensitive to the details of the

ripplefiring timing." Although size and duration are certainly related to the cause of scalloping, the

cause-and-effect statement "finite duration causes spectral scalloping" is imprecise. Spectral

scalloping can only be produced by the superposition of two or more pulses which are spectrally

38



0

0 C*4
0' a

9 0.

CoCL

CO) c

-6 C

aL C4.a

4)Td~~ VoI 0

cV) CD)

CN1

C140 C:) 4~- 4-zo. C \
iz~

.W) U)

C 
-x

0. ~0

ccl

0 Q' l4

0 0 0

C CDp'a " k =oQ

l) I- N . 4439



correlated, and the timing precision directly controls the strength of the spectral scalloping. This is

important in understanding why, in many cases, ripplefired blasts may not produce spectral

scalloping.

Consider the simple double-delayed pulse model. Generalizing from the discussion of

Baumgardt and Ziegler (1988), we assume that a signal, Y(t), consists of the sum of xl(t) and

x2(t) with x2 delayed by time "r. Baumgardt and Ziegler (1988) assumed that xl(t) and x2(t) were

essentially the same signal but having different amplitudes. In the following, we consider that they

may be completely different signals. Thus, we have for the composite signal

Y(t) = xl(t) + x2(t - r). (1)

Computing the Fourier transform of (1), we have,

Y(co) = Xl(co) + X2(o)e-1 _, (2)

where Y(o), Xl(o), and X2(ow) are the Fourier transforms of y(t), xl(t) and x2(t), respectively

and wo is the frequency. We now compute the power spectral density of (2), which is Y(w)Y(o))*

and where * refers to complex conjugation. We then have

Y(o))Y(o))* =X(co)XI*(o)) +X2(co)X2"(co) +coso4Xl*(o)) X2(wo)+Xl(o)X2(o))] (3)

+i sin an4 Xl(co)X2* (co) - XI" (wo)X2(co)]

Letting Y(ow)Y*(oa) = JY(O)) 12, which is the power spectral density, and

Xl(o)X2"(o)) = XI(wo)*X2(o) = IXl(co)X2(wo)I, which is the cross-spectral density, we have

Iy(o))12 = IXl(o))12 + IX2(co)12 + 2JXl(c)X2(o)J cos or. (4)

40



Note that in the third term of (4) the coefficient cos ar) introduces the spectral scalloping, and it is

multiplied by the cross-spectral density term. Thus, the strength of the spectral scalloping is

controlled by the value of the cross-spectral density between the two signals. If the signals are

uncorrelated and the cross-spectral density is small or zero at all frequencies, the composite spectral

density is simply the sum of the two individual spectral densities and there is no spectral

scalloping. The duration of the delay, z, does not control whether or not there will be spectral

scalloping. The duration in this case only determines the periodicity of the scalloping, which is

i/t, when the signals are correlated.

We now consider the general expression for a ripplefire pattern consisting of many delays.

A signal of N delays can be written as follows:

N

y(t) = I xi (t - "t9), (5)
j=1

where we assume the ripplefire pattern consists of a discrete sum of the individual source functions

of the ripplefire pattern. Note that in this general form, it is invalid to use the continuous

expression, like that of Smith (1993), where the ripplefire pattern is represented as the convolution

over a finite time window of a source function s(r) with a the ripplefire delay function, or "comb

function," r('r), written as

tN

s(t) = J r('r)u(t - 'r)d'r. (6)
T=O

In the general case, a ripplefire pattern is not a continuous sum over a finite time interval, as written

above, but rather a discrete sum as in (5). In the limit of infinite number of shots, (5) converges to

(6). However, most ripplefire patterns which have been observed do not warrant the assumption

that the number of shots being large enough for (6) to hold in general. The continuous integral (6)

would only apply if the individual shots were delta functions delayed in time, in which case the

individual signals all correlate.
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The power spectrum of (5) can be written in general as

N 2 N N

!Y(o))12 = YjXi(o)j +±2Y •_,Xj(o)Xk(o)!coso('rj - ,rk) (7)
i=1 j=1 k=j+l

In this general form, the degree of modulation of the power spectrum is controlled by the product

of the correlation of the individual source functions, jXj(co)Xk(o)f, multiplied by the cosine of the

difference of the time delays between the source functions, cos co(''j- - Zk). This expression

makes clear the fact that the individual source functions must be correlated in order to produce

spectral scalloping.

It has been argued that the "comer frequency" of a ripplefired mine blast is controlled by

the time duration of the ripplefire time sequence. However, this is not strictly true for a discrete

sequence, as expressed in (5). The null frequencies of the spectral scalloping or modulation are

given by the expression

nf7Con 2(,-j - Tk)' (8)

where n is an odd integer. The lowest frequency null, which determines the "comer frequency,"

should occur at,

7r
0), =2(Zma. -rro) (9)

that is, at the reciprocal of the nominal duration of the ripplefire pattern, T = rmax,- -'n"

However, this lowest possible null, controlled by the ripplefire duration, will be strongly visible

only if the two signals corresponding to earliest and latest times of the entire ripplefire pattern are

correlated, and the strength of the spectral peak before this null, which defines the comer

frequency, is controlled by the degree of correlation. Ripplefire patterns can be very complicated

and be spread across a large spatial area. It is entirely possible the first and last shots, which may
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be the most separated shots, may not be strongly correlated. Thus, the corner frequency may not

be well defined at the frequency of the reciprocal of the time duration of the ripplefire sequence.

One can certainly conceive of many source-time functions, x(t), which have a finite

duration but do not produce scallops; the simple exponentially attenuated periodic function,

x(t) = e-ft sin(kox - cot), is an example. The absorption coefficient P, spatial wavenumber ko,

and temporal frequency coo, are constants. This function can have a long duration if the constant

coefficient P is small, and its spectrum is a broadened Delta function centered at frequency o09.

However, the spectrum will not be scalloped no matter what its duration. Scalloping can only

result from the superposition and time delay of two or more correlated time series.

Baumgardt and Ziegler (1988) first showed examples of time-independent strong

scalloping produced by ripplefiring of mine blasts in Scandinavia. Spectral scalloping with deep

nulls have been observed for a number of events, perhaps indicating that simple, long-delay

ripplefire patterns were detonated. More recent studies have suggested more complex ripplefire

patterns which produce less deep nulls than were observed in Scandinavia (e.g., Stump and

Reinke, 1988; Smith, 1989). Baumgardt and Ziegler (1988), Stump and Reinke (1988), Smith

(1989, 1993), and Gitterman and van Eck (1993) have shown how more complex scalloping can

be produced by signal interferences between the different signals in the ripplefire pattern and that

the positions of the various peaks and nulls of the scalloping will be caused by the cosines of the

different delay times and their differences. The values of the delay times control the nature of the

interferences and the scalloping. Stump and Reinke (1988) and Gitterman and van Eck (1993)

have shown how the strength of the modulations will be controlled by the accuracies of the

individual timing delays of the ripplefire. However, no matter how large the variance of the timing

delays, spectral modulations of some form will be present if the individual pulses of the ripplefire

are coherent. If the signals are uncorrelated, there will be no spectral scalloping irregardless of the

precision of the firing delays of the ripplefire.
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4.2.2 Signal Decorrelation and Spectral Scalloping

Generalizing from the discussion above, the total power spectrum, P(wO), of a multiple shot

sequence can be expressed as the sum of the auto- and co-spectra between all unique source pairs

in the ripplefired sequences,

P(wo) = ISki, j(Co) (10)
i,j

where Sjk() is the cross-spectral power function for source i andj in the ripplefire sequence for

seismic phase k, (i.e., Pn, Pg, Sn, or Lg). The cross spectral power function is represented as in

terms of a spectral coherence function as

S. j k(°O)=aiaiC(co°xi x sk) exp o)[tti -t +(xi - x)l (11)

where sk is the phase slowness in sec/km, a1 is the source amplitude term (usually 1), xi is the

location of source i, and C(co, xi-kj, sk) is the coherence function defined as

C = Factor x exp(-aoAx). (12)

Ax is the spatial separation (xj-x1), wo is the angular frequency, Factor is a constant, and a is the

phase dependent decorrelation function. These functions are defined in terms of observed

decorrelations of different phases across the regional array NORESS, which are known to be a

function of array geometry and are different for different phases (Mykkeltveit et al, 1983).

Generally, high-frequency Pn and Pg phases are more coherent than the shear phases, Sn and Lg.

To reflect this variation in decorrelation, the decorrelation terms are set as follows:

Pn - ao= 0.0146, Pg - a= 0.02, Sn - a= 0.08, Lg - a = 0.167.
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The effect of this model on spectra are shown in Figures 21 and 22. The model assumes

50 sources in a 56 m square grid are fired with 7 ms delay between sources. The maximum delay

for this model is 50 times 7 ms, or 350 ms. We assume no propagation delays in this instance of

the model. Thus, for 350 ms fundamental delay, the spectral scallop nulls should be separated by

2.5 Hz.

In Figure 21 (a), we assume no decorrelation by setting the value of Factor to 0. All four

phases show equally strong spectral modulation, with peaks and troughs separated by 2.5 Hz as

expected. In Figure 21(b), the value of Factor is set to 1 and the decorrelation factor in (12) is in

effect. This figure shows that decorrelation visibly decreases the strength of the modulations for

the Lg wave compared to the others. Also, the strength of decorrelation decreases with increasing

frequency. In Figures 22(a) and (b), the effect of the decorrelation has been made much stronger

by increasing the value of Factor to 100 and 500, respectively. In Figure 22 (a), the modulations

have been completely eliminated for Sn and Lg and strong frequency dependence of the strength of

the spectral modulations is evident for Pn and Pg. In Figure 22 (b), the high decorrelation has

eliminated all spectral scalloping.

Thus, this discussion shows that if a ripplefire pattern can be designed such as to make the

individual signals uncorrelated, spectral scalloping can be destroyed. Different phases in the

regional seismogram, such as Lg waves, tend to be less spatially correlated than Pn which could

result in Lg spectra being less scalloped than Pn spectra. Examples of this kind have phenomena

that have been found by Der and Baumgardt, 1994. Moreover, if different rows of shots are fired

in different geologic media, or at a significantly different depth in the mine, such that they produce

different source-time functions, coherence between signals can be destroyed and no spectral

scalloping will be observed. This may happen, for example, if a decoupled explosion or mini

nuclear explosion is fired at the same time as a ripplefired pattern, but at a different depth and in a
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different medium, so that no spectral scalloping may occur. Also, differences in the intrinsic

source function (amplitude, spectral content) of the nuclear explosion and individual blasts can

destroy spectral scalloping, as demonstrated by Barker et al (1993) and McLaughlin et al (1994),

because of the decorrelation of the resulting seismic pulses produced by the different source

functions. Thus, lack of spectral scalloping combined with a large signal may be a feature which

could indicate an attempted hide-in-ripplefire evasion attempt.
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5.0 LG SPECTRAL RATIOS

In this section, we revisit issues of whether discriminants based on spectral characteristics

of regional phases can reliably and consistently identify small blasts and earthquakes. We first

discuss the empirical and theoretical basis for the discriminant based on recent studies at Lawrence

Livermore Laboratories. We then re-examine spectral characteristics of regional signals which

have been studied by ISEIS in light of these new studies, including continued analysis of the

January 5, 1995 Southern Urals event. Finally, we discuss a new method for correcting regional

phase spectral ratios for propagation distance.

5.1 Physical Basis for the Lg Spectral Ratio Discriminant

Measurements of ratio of spectral levels between low and high frequency in the Lg phase

has been shown in studies to discriminate closely located nuclear explosions and earthquakes in the

western U.S. (Murphy and Bennett, 1982; Bennett and Murphy, 1986). The separation was based

on the explosions being deficient in high frequencies compared to earthquakes. However, these

two studies did not fully address possible magnitude-scaling of the discriminant. Taylor et al,

(1988) and Taylor et al, (1989) also studied this discriminant for events in western U.S. and found

that it worked for the regional phases Pn and Pg as well as Lg. However, the earthquakes were

not closely located to the explosions and propagation-path effects were not considered.

Studies of small mine blasts and earthquakes with ISEIS have found mixed results for the

Lg spectral discriminant. The discriminant fails to discriminate small mine blasts and earthquakes

(ML < 3.0) in Scandinavia but did separate explosions and earthquakes in the Vogtland region of

Germany using narrow band data from the GERESS array (Baumgardt, 1993a). The separation

indicated that the Vogtland explosions were peaked at low frequency and deficient in high

frequencies, and that the earthquakes had broader spectra with more energy in the high frequency
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band than the explosions. The latter result confirmed the study of Wuster (1993), who used an

ARMA spectral discriminant on broader-band GERESS data.

Recently, Walter et al (1995) have found marginal performance the discriminant for small

NTS explosions and earthquake swarms in the vicinity of the Lawrence Livermore Laboratory

NTS network. Spectral ratios in the phases Pn, Pg, and Lg discriminated best at magnitudes

greater than 3.5 and showed strong magnitude dependence. Figure 23 shows a plot of their results

for the 1-2Hz/6-8Hz Lg spectral discriminant versus ML along with source model calculations

recently made by Walter (1995). This plot shows the basis for the discriminant in terms of

magnitude scaling and differences in source characteristics of nuclear blasts in high and low gas

porosity rocks and earthquakes. Obviously, the spectral ratio for Lg increases with ML. The

source models predict differences in spectral ratio for high and low gas porosity, with higher gas

porosity producing higher spectral ratios. Evidently, detonations in highly gas porous rocks do

not couple as efficiently at high frequencies as those in less porous rocks. However, detonations

in both types of geologies produce less high frequency energy relative to low frequency than do

earthquakes. This depends on the material properties of the rocks and the assumptions in the

source models. Perhaps detonations in hard, non-porous rocks produce comparable spectral ratios

as earthquakes.

Figure 23 also shows marginal performance of the discriminant at low magnitudes (ML<

3.0) where the theoretical curves converge and the empirical data points for earthquakes and

explosions become more mixed. Notably, shallow earthquakes do not appear to discriminate at all

from high gas-porosity explosions. In attempting to discriminate shallow earthquakes and mine

blasts, we may be dealing with a similar situation.

5.2 Magnitude Scaling of the Lg Spectral Ratio Discriminant in Eurasia

In light of the results in Figure 23, we have reinvestigated the ISEIS measurements of

regional discriminants in Eurasia referenced earlier. A map showing the locations of the events
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originally studied by Baumgardt (1993a) is shown in Figure 24. These events were earthquake

and quarry blasts in the Vogtland region of Germany and rockbursts in two regions of Poland,

Lubin and Upper Silesia. Also shown in Figure 24 are the locations of an earthquake swarm in

Switzerland, studied by Baumgardt and Der (1994). We also study spectral ratios for the Scan-

dinavian events recorded at ARCESS (Kiruna mines, Northern Sweden mines, and earthquakes,

Steigen earthquake swarm) discussed in Section 2.0 and shown on the map in Figure 1.

Figure 25 shows plots of 2-4Hz/4-6Hz Lg spectral ratios for GERESS and ARCESS

recordings of events in two different regions, Germany (a) and Scandinavia (b). These ratios are

the logs of the rms spectral level in the two spectral band. The spectra are corrected for instrument

amplitude-spectrum response prior to computing the ratios. Figure 25 (a) shows the spectral ratios

plotted versus distance for the Vogtland earthquake and explosions, originally studied by Wuster

(1993), and some additional rockburst data from the ground truth database of Grant et al (1993).

Also, for comparison, the Lg spectral ratio measured at the Chinese station WMQ for the Chinese

nuclear explosion at Lop Nor is plotted. All the spectra were corrected for instrument response, so

differences in the instrument type should not be an issue. However, the Lop Nor event occurred in

a very different region and is a very different kind of source than the Vogtland events.

Considering this, however, it is interesting that the event had comparable spectral ratio as the

Vogtland blasts. The Vogtland earthquakes and blasts are at comparable distance, and their

separation is clearly evident, with explosions producing Lg waves with deficient high frequencies

and higher spectral ratios than the earthquakes. The rockbursts at greater distance have greater

scatter, which may be related to their greater propagation distance. We consider propagation

effects on spectral ratio in the next section.

The spectral ratio differences are due to differences in spectral characteristics, not to

ripplefire spectral scalloping in the mine blasts. In Figure 26, plots of the Lg spectra are overlaid.

All spectra have been corrected for the instrument response. (Note: This figure is a black-and-

white rendering of an original color picture. The spectra of the Lop Nor nuclear blast and mine
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blasts are the darker colored spectra and the earthquakes and rockbursts are colored gray.) Figure

26 (a) shows that the earthquake spectra are deficient in low frequency energy. A similar

comparison is shown in Figure 26 (b) between Vogtland blasts and some of the rockbursts, which

also shows the same deficiency in low frequency energy in the rockbursts. Thus, the spectral ratio

difference reflects real differences in the spectral shapes. There is no evidence of spectral

scalloping from ripplefire in any of these spectra.

Figure 25 (b) shows the distance scaling for the Kiruna and northern Sweden mine blasts

and the Steigen and northern Sweden earthquakes recorded at ARCESS. The Steigen earthquakes

and Kiruna mine blasts overlap in spectral ratios. However, the Steigen earthquakes are over 200

km more distant than the Kiruna blasts. The Kiruna blasts have comparable spectral ratios as the

Vogtland mine blasts. There are earthquakes at comparable distance as the Kiruna blasts which

tend to have lower ratios. The Steigen earthquakes have comparable values of spectral ratio as the

Kiruna blasts and therefore do not seem to discriminate. However, these events are also at a

greater distance. Thus, like the rockbursts recorded at GERESS, these higher ratios for the

Steigen events may be caused by higher attenuation over the larger distance

We now consider how these small-event spectral ratios scale with magnitude. Figures 27

(a) and (b) show plots as a function of ML for the 2-4Hz/4-6Hz and 2-4Hz/6- 10Hz spectral ratios

for the events recorded at GERESS which were plotted versus distance in Figure 25 (a). The

squares include the Vogtland earthquakes and Polish rockbursts and the circles are the Vogtland

mine blasts. The Vogtland earthquakes and mine blasts clearly separate but do not seem to scale

with magnitude. The rockburst points are quite scattered and no strong magnitude dependence is

evident.

Figures 28 (a) and (b) show the two spectral ratios plotted versus ML for the Scandinavian

events recorded at ARCESS. Although these events cover a comparable magnitude range as the

GERESS spectral ratios in Figure 27, the Steigen events have a systematic variation magnitude,
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with the spectral ratio increasing with magnitude. The earthquakes in northern Sweden, which are

not part of the Steigen swarm, do not seem to share the same magnitude scaling and have generally

lower spectral ratios than the Steigen swarm. Part of this difference may be due to differences in

propagation paths. The Kiruna events are all about the same magnitude, centered around 1.6, but

have a wide range of spectral ratio. Clearly, these variations must be due to localized source

effects and are not due to magnitude scaling.

Finally, Figure 29 shows the magnitude scaling against mb of the two Lg spectral ratios for

the Urals event, recorded at ARU, compared with Chinese nuclear explosion, Chinese

earthquakes, and Kazakh nuclear explosions recorded at the Chinese station, WMQ. There

appears to be some indication of magnitude scaling of these spectral ratios, with the spectral ratio

increasing with distance. However, the scatter is quite large, particularly around the magnitude of

4.7 for the Lop Nor events. Given the scatter in the data, there appears to be no evident

discrimination between explosions and earthquakes.

We conclude from this analysis that there is limited evidence of strong magnitude scaling of

the Lg spectral ratio at magnitudes below 3.0, although the Steigen swarm showed some evidence

for this scaling. Perhaps because the Steigen events were in a swarm, they all had about the same

source mechanism and source excitation spectrum, and the only variations are those due to

magnitude scaling of the spectral ratios. The other earthquakes and rockbursts occurred in

different locations at different times so that source differences and propagation effects could

strongly affect the values of the spectral ratios. Lg spectral ratio only works for discriminating

blasts and earthquakes in Germany but doesn't work in Scandinavia. It also did not work for

larger earthquakes and nuclear explosions in China.

5.3 A Distance Correction Scheme for Spectral Ratios

We now address the problem of the distance scaling of Lg spectral ratios which is evident

in Figure 25 (a). The ratios for the rockbursts in Poland increase with distance, as we might
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expect since increasing attenuation of high frequencies with distance will reduce the high frequency

energy in the Lg spectrum and cause the spectral ratio to increase.

In order to reduce the systematic bias and scatter due to variations in propagation path

distances, we have included in ISEIS a simple scheme for correcting the spectral ratio for anelastic

attenuation. We model the attenuation of the regional phase with the standard anelastic attenuation

relation

ATH(f ,D) = Ao(f)expL-nQD]U (13)LQUJ

where ATH is the theoretical spectral amplitude at frequencyf and distance D, A, is the initial source

excitation, D is the distance in kin, Q is the attenuation quality factor, U is the group velocity of the

regional phase andf is the frequency in Hz. We assume the commonly used power-law frequency

dependence for attenuation

Q=Q 6 {f 3(14)
where Qo is quality factor at the reference frequency fo and 4 specifies the frequency dependence.

Generally, f, is 1 Hz and 4ranges from 0.0 to 1.0.

Specifying a certain frequency band Af and breaking it up into N frequency intervals, we

compute the rms spectral level as

ATH,. (Af, D)= (15)ArH:f D) 2

where the values of f, to fN are the low and high frequency limits in the band Af. For the

theoretical rms spectral ratio, we have
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AT" RMS (Afi, D) (16)RrT (Af 1, Af 2, D) = TI's(f" )

AT pumi (Af2,D)

Given observed values of the rms spectral ratio, R(Af1 ,Af2,D), at distances D, we wish to correct

the ratios to the same reference distance, Drep Assuming values of Qo, •, and U, we have for the

distance corrected spectral ratio

Rff H (AflAf 2 'r) . (17)

R(Af1,Af 2,Dre)= R(Af1,AfzD) RTH(Af(,Af 2 ,D)

Group velocities, U, of 8.1, 6.5, 4.7, and 4.0 km/sec were assumed for major regional phases,

Pn, Pg, Sn, and Lg, respectively. Values of Qo and z are dependent on the path and must be

determined by direct inversion of Lg spectra or coda, or by trial and error by fitting trends by eye

to spectral-ratio-versus-distance plots. In this study, we use the latter approach.

Figures 30, 31, and 32 show examples of theoretical spectral ratio curves for different

values of Q0 and frequency dependence, ;, plotted over the GERESS points from Figure 25 (a).

We also include the measurements for the Swiss earthquake swarm, shown in the map in Figure

24. Increasing values of Q, increases the intercept of the correction curves and smaller values of

the frequency dependence exponent, ý, produces large slopes.

Based on trial and error plotting of different attenuation correction curves, we conclude that

the curve for Q, = 200 and • = 0.2 seems to pass through the extreme values of the earthquakes

and rockbursts, as shown in Figure 33 (a). Assuming this correction curve, and using (17), we

get the distance-corrected spectral ratios shown plotted in Figure 33 (b). After correction, the

rockburst points at larger distance are shifted downward and more closely resemble the values of

Vogtland earthquakes. Thus, in this instance at least, the increased scatter of the rockbursts may

have been due to their increased distance. We conclude that, after distance corrections, the

rockbursts in Poland are similar to earthquakes and that both PnrLg ratios and Lg spectral ratios

can classify events in this region.
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6.0 CONCLUSIONS

With the shifting of priorities in test ban treaty monitoring from focusing on a single

country, the former Soviet Union, to taking into account the entire world for monitoring

comprehensive test ban and non-proliferation treaties, global networks of seismic stations are being

deployed and seismic data from sources over a variety of propagation paths must be understood.

Global seismic event identification requires discriminants which are insensitive to propagation path

effects or can be corrected for these effects. In our research in regional discrimninant

transportability from regions we have studied which have historical data for explosions and

earthquakes, to new regions of the world where there may be limited historical data, we have tried

to understand the effects of propagation path effects, with our main focus on the regional P/S

amplitude ratio discriminant and spectral ratio.

Performance of discriminants in different regions is based on other factors besides

propagation path effects. One of the main conclusions of this project, based on our analyses of

frequency dependent PnISn and Pn/Lg amplitude ratios for events in a number of mines, is that

mine blasts can have large S wave amplitudes, comparable to those observed from small

earthquakes. This might be expected since mine blasts are designed to induce fracture in rocks.

Ripplefired blasting near the bench face of a mine shears off rock fragments and ejects rock

fragments into ballistic free fall. The rock shearing and spallation can induce arbitrarily large shear

waves. Thus, mine blasts will look much more earthquake-like than single explosions, including,

for example, nuclear explosions. In essence, mine blasts may be classified as another kind of

rockburst, which, as shown in our studies and those of Bennett et al (1994), have P/S amplitude

ratios similar to earthquakes.

In test ban treaty monitoring, such events should not present a severe problem. As we

noted in Section 2.0, the large S-wave events in the Kiruna mine were very small events. We have
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yet to observe a known large mine blast (i.e., ML > 3.0) with very large S waves although such

events could conceivable exist.

However, high magnitude rockbursts with large S waves are well observed which Bennett

et al (1994) have suggested may be manipulated so as to obscure a decoupled nuclear explosion.

Perhaps mine blasts could be ripplefired in such a way as to induce large shear waves which would

be an easier way of hiding a decoupled blast than trying to induce a rockburst. The issue then

becomes whether a decoupled blast could still be identified with the large P wave it would produce.

We have found that Pn/Lg ratios have a systematic increasing trend with distance, which

appears to be due to differential attenuation of the phases. In our earlier report (Baumgardt and

Der, 1994), we described our development of a set of empirical distance correction curves for

PnrSn and Pn/Lg which removes the distance trend in these ratios. We have studied these

corrections, as well as those derived from those of Sereno (1990), and we find that the corrections

remove some of the frequency dependence scatter. However, there still remains a large residual

scatter over the distance correction trend. For mine blasts, we have argued that the high variation

in the P/S ratios would result from rock cracking and spalling induced by the blasting. Baumgardt

and Der (1994) also investigated blockage effects due to crustal structure heterogeneities, and

structure features can be correlated with signal features to correct for these effects.

The most effective discriminant for identifying multiple shooting in mines, either due to

ripplefire or attempted "hide-in-mine blast/rockburst" evasion, is the time-independent spectral

scalloping signature, discovered by Baumgardt and Ziegler (1988). In this report and in Der and

Baumgardt (1994), we have emphasized the importance of signal correlation on the nature of

spectral scalloping. The correlation of multiple superimposed blast signals, not source finiteness,

produces spectral scalloping, and the effects of signal decorrelation can reduce the scalloping and

eliminate it altogether. By studying the nature and intensity of spectral scalloping for different

phases, it should be possible to very simply characterize the maximum dimensions of a blasting
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pattern, which may be very important for detecting possible hide-in-mine blast/rockburst evasion

attempts.

Finally, this study also has assessed the variability in performance of the spectral ratio

discriminant which earlier appeared to be very promising. The variability of the performance of the

discriminant points to a geological cause for the discriminant. If explosions and earthquakes occur

in regions of strong vertical heterogeneity, such as at NTS where the explosions occur in rocks

with variable gas porosity, and the earthquakes are at a greater depth below these effects, we

expect the discriminant will work well. However, if earthquakes are shallow or if the blasts do not

occur in near-surface geological heterogeneity, such as in shield regions like Scandinavia, the

discriminant may fail.

In conclusion, this work shows that analysis of regional seismic data can reveal much

about seismic events and be very valuable for identifying events. However, the whole picture

must be considered, including the effects of source geology and propagation path effect on signals,

to be able to fully understand the signals and use them to derive useful and reliable discriminants.
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